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ABSTRACT 
Most future wireless communication systems rely exclusively on digital 
modulation, in contrast to first-generation systems, which are based on analog 
modulation. One of the critical and costly components in future communication 
systems is the RF power amplifier. The nonlinearity of a RF amplifier can degrade the 
quality of the signal, increasing bit error rate and interference to adjacent channels. 
i« 
The nonlinearity control is specified by the out-of-band power emission levels or 
spectral regrowth. Quantitatively, no clear relationship or expression exists to date 
between the out-of-band emission level and the amplifier's nonlinearity. 
This thesis examines several issues in applying the Volterra series formulation to 
predict the distortion characteristics of GaAs MESFET amplifiers. This technique 
relies on representing the nonlinear transconductance of the active device by a series 
expansion. Additionally, this method is extended to predict the effect of source 
termination at harmonic frequencies on out-of-band emission levels. An experimental 
n 
investigation into the practicality of using the second harmonic termination for 
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CHAPTER 1 INTRODUCTION 
The next generation of wireless communication systems will support data rates 
many orders of magnitude higher than today's mainly voice applications. They will 
accomplish this with spectrally efficient modulation schemes, sucfe as multi-level 
• ff 
QAM, and also pack more channels into the available frequency band. While these 
modulation schemes have greater spectral efficiency, they are non-constant envelope 
signals and are subject to spectral regeneration of power outside the transmission 
channel, which gives rise to interfering signals in other channels. In addition, this 
same phenomenon creates in-band interference that causes increased bit error rate. 
The origin of spectral regeneration is the nonlinearity of power amplifiers (PA). 
Saturation and phase distortion in RF amplifiers cause an increase in out-of-band 
power emission when input power increases. In the past, system designers had relied 
I' 
on output back-off of power amplifier to ensure acceptable performance. However, 
output back-off suffers from reduced power efficiency, poor output power and tight 
cooling requirement. 
Regeneration of undesirable side-lobe at the output of transmitters is of particular 
interest to those involved in the design of cellular and personal communication 
Introduction 2 
systems. Stringent regulatory emission requirements directly affect the design of PAs. 
In particular, design choices that limit adjacent channel interference affect the 
efficiency (talk-time) and power output of RF amplifiers by forcing the active devices 
to operate in regions that are closer to being linear. 
Over the past few years, various methods have been proposed to simulate 
spectral regrowth. Most of the techniques in use today are based on the narrow band 
ff 
quadrature decomposition due to Kaye [1]. This approach decomposes a nonlinearity 
into a nonlinear magnitude (AM/AM) and nonlinear phase (AM/PM) transfer 
characteristic with the assumption that cross-correlation between the resultant spectra 
is zero. Designers of RF power amplifiers for wireless communication systems have 
traditionally relied on the harmonic balance technique for nonlinear simulation. This 
method, while extremely efficient, is unable to simulate digitally modulated signals. 
Leke and Kenney [10] generated analytical expressions for gain compression and 
phase distortion from a third order Volterra nonlinear transfer function model and used 
these to predict spectral regrowth of a MESFET power amplifier. 
In recent years, there has been a big resurgence of interest in highly linear power 
amplifier design as well as linearization approaches. These proposed techniques 
include: pre-distortion [18], feed-forwarding [21] [22], feedback [23] [24] and 
harmonics control approaches [25] [26]. 
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Second harmonic controls such as feed-forwarding, feedback and optimal source 
termination [25] has been suggested to reduce spectral regeneration. The first two 
methods use external paths, either feed-forward or feedback, by which additional 
components are needed. On the other hand, the optimal source termination is a rather 
simple way to achieve the same goal but no additional power is being consumed. It is 
reported that the source impedance at second harmonic frequency can..be optimized to 
ff 
improve the unwanted spectral regeneration satisfactorily. Quantitatively, no clear 
relationship or expression exists to date between the out-of-band emission level and 
the source termination. The lack of such a relationship poses difficulties for RF 
designers in choosing circuit parameters. This problem is generic in the design of RF 
power amplifiers for non-constant envelope digital modulations. 
In this thesis, trade-off between efficiency and linearity of GaAs MESFET 
amplifiers in relation to device parameters and terminating impedance is addressed. In 
particular, the effect of source impedance at second harmonic frequency on adjacent 
channel power ratio (ACPR) are analyzed based upon Volterra series method. 
The organization of this thesis is as follows: Chapter 2 is an introduction of 
general nonlinear behavior of RF amplifiers. Chapter 3 is a brief review of some 
popular linearization techniques. Chapter 4 gives a basic description of Volterra series 
theory and the formulation of Volterra nonlinear transfer functions for the evaluation 
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of Spectral regrowth. Chapter 5 shows the procedure to identify the optimal source 
loading condition for best ACPR in RF amplifiers. Chapter 6 presents the 
experimental work on the verification of the proposed theory. Chapter 7 is concerned 
with the extraction of nonlinear transconductance coefficients of GaAs MESFET 
device. Finally, a conclusion is drawn in chapter 8, followed by the future work 
recommendation. 
fT 
CHAPTER 2 NONLINEAR BEHAVIOR OF R F POWER 
AMPLIFIERS 
Clearly, an RF power amplifier is not a linear device, meaning that the output of 
the amplifier is not a scaled copy of the input signal. Any amplifier, when driven into 
A 
a strongly nonlinear condition, will exhibit phase as well as amplitude distortion. 
Phase distortion is usually characterized in terms of AM-to-PM conversion and 
represents a change in the phase of the transfer characteristic as the drive level is 
increased toward and beyond the compression point. The nonlinearites produced by 
discrete signals such as unmodulated carriers are known as intermodulation products 
and appear at discrete frequencies. For digitally modulated signals, however, the 
nonlinearities appear over a continuous band of frequencies and are often referred to 
as spectral regrowth. The intention of this chapter is to draw attention to some basic 
issues that affect the design and operation of typical power amplifiers using a few 
standard modulation schemes encountered in wireless communications systems as 
examples. 
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2.1 Single Tone Excitation 
Consider a single unmodulated carrier as the input signal, the input voltage then 
has the form: 
= + (2.1) 
where At is the peak amplitude, 
co^  is the angular frequency and, .. 




Figure 2.1 Single tone amplification 
In the linear case only the amplified signal at cch is present, while in the nonlinear 
example there are additional harmonic frequency components. An alternative way of 
looking at the input / output characteristic of amplifiers is to treat amplitude and phase 
separately, since voltages are vector quantities having both amplitude and phase. This 
method is similar to that used for frequency transfer functions, which also have a 
complex amplitude and phase response. The difference there is that the amplitude and 
phase responses are functions of input power level. 
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2.1.1 AM-AM Conversion 
Considering an amplifier as a functional block, which may be modeled by a 
Taylor or Volterra series. The Taylor series model is valid for a memoryless nonlinear 
function. [13]. A memoryless amplifier implies that the output and input of the 
amplifier have one-to-one mapping. Therefore, the Taylor model of an RF amplifier 
can be written as: ,‘ 
v.. (0 =。丨 V, (/) + v:2 (/) + a,vj{t)+…… （2.2) 
where aj is related to the gain G of the amplifier. 
Since the spectra generated by the even-order terms are at least ojh away from the 
center of the passband, the effects from these terms on the passband are negligible. 
Furthermore, as a linear amplifier, the third- and fifth-order terms dominate in the 
equation for distortion. In the general case, the output of an amplifier can be 
expressed as: 
v^At) = F[A,]cos{coJ + 0 + ^[A,]} (2.3) 
where F[本]=AM / AM conversion 
中[本]=AM / PM conversion 
The functions F [ 木 ] a n d 平[氺]are dependent on the nonlinearity of the 
amplifier and modeling type. 
An important result from the Taylor series model is that there is no AM / PM 
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conversion [9]. Therefore, the above equation becomes, 
= + ^  (2.4) 
Fundamentally, all amplifiers regardless of the active device (eg. MESFET and 
BJT) exhibit gain compression when the input signal level is large enough to cause 
the device to be saturated. 
A typical illustration of AM-AM and gain compression characteristics are shown 
Figure 2.2 and 2.3. The point, A, is usually referred to as the 1-dB compression point. 
It has become something of a standard in RF amplifier community to use the 1-dB 
compression point as a general reference point for specifying the power capability of 
an amplifier. It also represents a practical limit for "linear" operation. 
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Figure 2.2 AM-AM Characteristics of Class A Amplifier 
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Figure 2.3 Gain Compression of Class A Amplifier 
2.1.2 AM-PM Conversion 
AM-to-PM effects seem to have something of a poor-relation status in the RF 
power amplifier world. Simple signal clipping does a reasonable job of explaining 
gain compression, but it is not clear where phase distortion comes from. Figure 2.4 
shows data taken from an actual amplifier. The phase characteristic remains almost 
constant and starts to climb only when the drive level is at about the 1-dB 
compression point. Such curves are typical but they do vary appreciably from one 
device technology to another. These curves, unlike the AM-to-AM characteristics, 
typically show some dependency on the input load, or matching conditions. 
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In general, AM-to-PM effects can be traced to the signal-level dependency of 
several key transistor model elements; in particular for FETs the input capacitance and 
both the depletion and the junction resistance of the gate-to-source diode. AM-to-PM 
effects can have an important impact on spectral regrowth for a device under 
non-constant amplitude envelope excitation. 
To summarize, amplifier efficiency generally increases as it is operated with high 
input signal levels which drive it deeper into saturation. Therefore, a trade-off in 
designing linear power amplifiers is to achieve the highest possible efficiency at a 
given level of signal distortion. 
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Figure 2.4 AM-PM Distortion of Class A Power Amplifier 
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2.2 Two-tone Excitation 
One of the important aspects of wireless communication system is the inherent 
tolerance to interference in the band of the channel. In analog radio, interference is 
largely due to signal transmission from remote base-stations or remote units using the 
same frequency channel, and by other radios using adjacent channels. Thus, system 
interference specification requires transmitted intermodulation levels..in the adjacent 
channels be limited so as not to cause interference to other radios operating in nearby 
channels. The adjacent channel interference levels increase through the generation of 
out-of-band components mainly by the nonlinear amplifier. 
Now consider two tones of equal amplitude (A= 1) having angular frequency coi 
and CO2, respectively, that is 
= cos(cyi/)+ cos(6V) 
= 丄 丄 ( 一 〜 ( 2 . 5 ) 
2 2 
1 2 
= 丄 玄 e � 
2 q 二 
«« 
In this case, the signal envelope is no longer constant as in the single-carrier case 
but varies between maximum and minimum values. This particular type of 
non-constant envelope behavior makes the two-tone test a very useful signal for 
nonlinearity characterization purpose since the amplifier is driven through the whole 
range of its transfer characteristic. 
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2.2.1 Intermodulation Distortion 
Using the Taylor model mentioned previously, with nonlinearity up to the 
third-order term, the corresponding output is given by, 
V卯,it) = v,„ it) + a^vj ( / ) + V J it) 
� 2 / J 
� 2 J •‘ 
n=l 2 q]=-2 qn=-2 
(2.6) 
The above expression indicates that, in addition to harmonic distortion, other 
frequency components or intermodulation (IM) products are also present. 
The products of most interest, in terms of these possible detrimental effects, are 
the IM products. The third-order products, at frequencies 2 co2-Q)j and Ico广C02, come 
primarily from the third-degree term. The IM sidebands appears on either side of each 
carrier, at a frequency spacing equal to that of the two input carriers. A typical output 
spectrum of a two-tone test is shown in Figure 2.5. 
The third-order intercept point is defined as the theoretical level at which the 
intermodulation products equal to the fiindamental tone. Intercept point is a concept 
used extensively by receiver designers, who operates well below the physical 
compression point of a device. 
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Typical Intermodulation Distortions 
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Figure 2.5 Intermodulation Distortions of Class A Power Amplifier 
2.3 Digitally Modulated Signal Excitation 
Most future wireless communication systems rely exclusively on digital 
modulation, in contrast to first-generation systems, which are based on analog 
modulation. Digital modulation is fiindamentally different from analog modulation, 
the former being characterized by a signal represented as a power spectral density and 
the latter being characterized by a signal represented as discrete spectra. 
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2.3.1 Spectral Regeneration 
In the frequency domain, a digitally modulated waveform can be viewed as a 
band-limited signal with continuous power spectrum. The input x(t) can be viewed as 
a carrier supplemented with a baseband spectrum B(co) given by 
X{o)) = B{co) O 1 咖 ± J (2.7) 
where ® represents the operation of convolution. .. 
ff 
By applying Fourier Transform to equation (2.2), the output Y((o) can therefore be 
written as: 
Y{o)) = a, X{(o)+a^X{co) O X{(o)+a,X{o)) <8) X{(o) ® X{(o)+…... （2.8) 
For simplicity, only the first three orders nonlinearity is retained here. Combining 
equation (2.7) and (2.8), the third order term in (2.8) is given by: 
ci,X{cd) (8) X{q)) % X{(d) = a,B{co) % B{co) (g) B{co) 0 - [s{co ± + 土 co�) 
8 ^ 
(2.9) 
[28] showed that this cubic term produces both the third harmonic and the 
fundamental signal. Self convolution of B(co) in (2.9) results in spectral regrowth 
which can be observed as widening of its spectrum. Furthermore, spectral 
regeneration caused by the third-order nonlinearity is often known as the third-order 
side-lobe. The composition of regenerated spectrum is illustrated in Figure 2.6. 
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Figure 2.6 Spectral Regrowth of Band-limited Digitally Modulated Signal 
This nonlinear behavior is mainly caused by the gate-to-source capacitance Cgs 
and transconductance gm [5]. Wu et al. [9] formulated a relationship between ACPR, 
IPS and fifth-order intermodulation product (IPS) based on the output autocorrelation 
function of a real Gaussian random variable passed through an AM-AM nonlinear 
amplifier. Their approach, however, is limited by several assumptions in the model 
and derivation. First, the author used an AM-AM model asserting that AM-PM effect 
cannot be represented by a Taylor series expansion. However, when the amplifier is 
operated in deep saturation, Kenny and Leke showed that spectral regeneration is 
relatively sensitive also related to AM-PM distortion [10], A typical illustration of 
spectral regrowth through an actual RF power amplifier is shown in Figure 2.7. 
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Spectral Regrowth in Deep Saturation 
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Figure 2.7 Spectral Regrowth in Deep Saturation Operation 
2.3.2 Adjacent Channel Power Ratio (ACPR) 
In digital communication systems, Nyquist filtering is required to simultaneously 
band-limit the signal and provide minimal inter-symbol interference (ISI). 
Band-limiting results in amplitude modulation of the otherwise constant envelope 
waveform, leading to the concept of spectral regeneration for nonlinearly amplified 
band-limited signals. The degree of spectral regeneration is characterized by ACPR 
(Adjacent Channel Power Ratio), this ratio being the limiting factor in achieving high 
efficiency amplification. ACPR, the new figure-of-merit for linearity characterization 
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for digital wireless system, is therefore a critical design parameter as it directly 
impacts portable unit talk-time. 
ACPR is typically defined as the power ratio of the power in the two adjacent 
channels to the power in the main channel; thus there will be an upper and lower 
ACPR, which in general will not be equal to each other. 
It 
f* 
CHAPTER 3 LINEARIZATION TECHNIQUES 
The growth of cellular telephone services and other forms of personal 
communications have created a demand for highly linear amplifiers. In the case of 
multi-channel base-station transmitters in ground or satellite communication systems, 
it is often more convenient and cost-effective to transmit several carriers through a 
common amplifier rather than use multiple amplifiers and a lossy multiplexer. 
Furthermore, modern digital modulation techniques place additional requirements for 
increased linearity on power amplifiers. In most cases, nonlinear amplification of 
these non-constant envelope signals result in unacceptable levels of spectral regrowth 
in adjacent channels. The higher peak-to-average ratios associated with many digital 
modulation schemes as well as multi-carrier applications are forcing power amplifier 
designers to explore amplifier linearization techniques. 
Linearization is a systematic procedure for reducing intermodulation distortion. 
There are many different ways of linearizing an amplifier. Usually, extra components 
are added to the design of a conventional amplifier. Such techniques are of paramount 
importance in future wireless systems, in which stringent out-of-band emission 
requirement and thermal management are critical. 
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In the following section, a review of pre-distortion, feed-forward and harmonic 
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3.1 Pre-distortion 
Linearization using pre-distortions at circuit level offers a low cost and compact 
solution to the amplification of non-constant envelope signals by employing linear 
amplifiers close to saturation. This is particularly important for portable battery 
powered mobile units which require low voltage and high efficiency operation. 
Pre-distorter generates a nonlinear transfer characteristic, which is the,, reverse of the 
amplifier's transfer characteristics in both magnitude and phase, as shown in Figure 
3.1. An alternate way of thinking of a pre-distorter is to view the device as a generator 
of IMD products. If the IMD components produced by the pre-distorter are made 
equal in amplitude and 180° out of phase with the IMD products generated by the 
amplifier, the IMD will be canceled. This condition occurs when the gain and phase of 
the linearized amplifier remain constant with changes in power level. Pre-distortion 
circuits based on a diode and a capacitor can compensate for both AM-AM and 
AM-PM distortion and can give a reduction in ACPR of 5-10 dB. 
» 
Pre-distortion tends to be simple and cheap, typically consisting of a module 
containing a few carefully optimized components that can be connected between the 
signal source and the input of the power amplifier. Mobile or handset applications 
would appear to be one area in which simple pre-distortion schemes could be 
carefully employed to provide a few critical extra dB of ACPR performance at very 
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little extra component cost and little impact on power or efficiency. 
Disadvantages of pre-distortion, in general, include the fact that pre-distortions 
are normally optimized for a specific power level and that they can typically only 
provide limited reduction in distortion (<15 dB) [18], normally only of third-order 
distortion products. 
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A possible implementation of linearizer circuit was proposed in [19] to provide 
AM-AM and AM-PM compensation with minimal circuitry resulting in modest ACPR 
improvements. A schematic of this linearizer is shown in Figure 3.2. 
The diode functions as a nonlinear resister (Rd) with a parasitic capacitance (Cp) 
in parallel. Since the diode is operated under a forward bias, the nonlinear C/V is 
neglected. This resistance and capacitance is used to form a nonlinear R-C phase shift 
network. Effectively, Rd decreases with increasing input power since its operating 
point is moved up the I/V curve. Rd changes nonlinearly due to the diode's I/V 
characteristic, resulting in a nonlinear phase shift with increasing input power. The 
following equation gives S21 for the R-C network: 
o 2ZY 
知 = 1 7 ^ (31) 
where Y = lo)C„ + 丄 ^ R 
八D 
Inspection of (3.1) shows a resulting gain expansion and decrease in phase shift 
for a decreasing Rd. Typically, amplifiers driven into their nonlinear regions exhibit 
gain compression and phase advance. 
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3.2 Feed-forward Technique 
Feed-forward techniques have received much attention in recent years. This 
method offers the benefits of feedback without the disadvantages of instability and 
bandwidth limitations. Feed-forward amplifiers are part of a class of ultra-linear 
amplifiers because of the improved linearity they exhibit. A feed-forward amplifier 
achieves its improved linearity by canceling, to a large extent, the intermodulation 
products produced by the main power amplifier. This process involves generating a 
duplicate set of these products that are equal in amplitude but 180° out of phase. 
Cancellation is achieved by adding this set of products to that produced by the main 
amplifier. The basic operation is illustrated in the simplified block diagram shown in 
Figure 3.3. In its simplest form, the feed-forward amplifier consists of two loops, each 
of which cancels out the loop output signals entering at the loop input. The function of 
the main loop is to generate a duplicate set of intermodulation products by canceling 
the signals entering the amplifier. The role of the correction loop is to provide the 
proper amplitude, phase and delay adjustments to the set of IMD products generated 
by the main loop such that, when added to the output of the main amplifier at the 
output of the overall amplifier, these products cancel each other. However, this 
method is very sensitive to any delay, gain and phase mismatches of the components. 
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Figure 3.3 Basic Configuration of Feed-forward Linearization 
Adjustment and maintenance of optimal linearizer settings become very critical 
for high linearity applications. A change in phase of less than a degree can move a 
linearized amplifier out of specification. As a result of this parameter sensitivity, much 
effort has been devoted to the development of linearizers that can adapt to 
environmental and stimulus changes automatically. A microcomputer is normally used 
to analyze and determine the optimum linearizer settings. These linearizers respond 
slowly and correct for gradual changes in the system's characteristics. 
3.3 Harmonics Control Techniques 
With the rapid development of wireless communication in recent years, the 
quality of the power amplifier is becoming an increasingly critical component of the 
entire communication system. A good power amplifier design can significantly 
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improve the performance of the system and reduce the cost. Load-pull and source-pull 
techniques and harmonics tuning have been successfully used for power amplifier 
design. Harmonic source / load contours are usually obtained by sampling the 
corresponding impedance of an ideal tuner connected to the input and output ports. 
Multi-harmonic source / load -pull characterization allows optimization of harmonic 
terminations to further improve the linearity / efficiency trade-off of nonlinear device 
(Figure 3.4). For example, Maeda et. al. has reported optimization of source 
impedance to maximize power efficiency [25]. 
The sinusoidal voltage wave inputted into the gate of the MESFET is 
transformed into a quasi square wave for large-signal operation by optimally 
terminating the source second harmonic. Berini et. al. studied the effects of harmonic 
loading on MESFET amplifier [26]. It was observed found that there is an optimum 
load termination at the harmonic frequency which maximize the power gain. 
Source __] Nonlinear ‘ Load 
Tuner 丨 Device 丨 Tuner 
• Zs(KO)O) W , … 
V V ， ’ 2’ •“ V 
Figure 3.4 Multi-Harmonics Source / Load -pull Characterization 
of Nonlinear Device 
CHAPTER 4 Spectral Regrowth Analysis using 
Volterra Series Method 
Traditionally, the nonlinearity of an RF amplifier is described by the third-order 
intercept point (IP3) or, equivalent, by the 1-dB compression point. In experiments 
and analysis, it was discovered that, in some situations, using IP3 only is not enough 
to describe the spectral regrowth [8], especially when the fifth-order intermodulation 
is relatively high compared to the third-order intermodulation. 
Alternatively, nonlinearity must be characterized by the ratio of total power over 
one frequency continuum to the total power of a neighboring continuum (ACPR). The 
third-order intercept point method ignores higher-order effects and latent out-of-band 
power (a function of the peak-to-average ratio of the modulating signal), both which 
affect directly aggregate spectral regeneration. Each of these effects must be 
considered to assess their individual impact on spectral regeneration. 
The aim of this chapter is to present the development of Volterra nonlinear 
transfer functions for evaluating spectral regrowth by using the method of nonlinear 
currents and a nonlinear model of GaAs MESFET device. “ 
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4.1 Introduction to Volterra Series Analysis 
4.1.1 Linear and Nonlinear Systems 
Any microwave circuit can be regarded as a linear or nonlinear system. The 
response of a linear system is associative which means the output corresponding to 
two inputs is equal to the summation of the two individual outputs. The response of a 
nonlinear system is a complex function of input signals. ,, 
For a linear circuit, the output y(t) can be expressed by the time domain 
convolution integral of the system impulse response h(t) and the input signal . 
y(t)= R h{T)x{t-T)dT (4.1) 
J-CO 
X � • h � • y(t) 
input output 
Linear System 
Figure 4.1 Linear System 
If the input A:(/) is assumed to consist of finite number of non-commensurate 
frequency components which may be expressed mathematically as: 
• 咖 = (4.2) 
where Q is any positive integer. 
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The output is then given as 
• ) = 4 l > “ X e x p ( A V ) (4.3) 
where H(a)q) is the transfer function of the circuit at frequency equals to co^. 
In (4.3), it is obvious that the output is the linear combination of the 
product of the system transfer function and the input signal for all excited frequencies. 
For a nonlinear system, the impulse response is no longer fully described by a single 
transfer function. “ 
Nonlinear circuit, which can be described with adequate accuracy by a power 
series expansion of its nonlinear current-voltage ("「)，charge-voltage (QIV) or 
flux-current (O / / ) characteristics, is termed as weakly nonlinear system. 
X � • hi(t)’h2(t)”..,\(t) • y(t) 
input output 
Nonlinear System 
Figure 4.2 Nonlinear System 
Volterra series analysis is based on the assumption that the circuit is weakly 
nonlinear and that the multiple excitations are small and non-commensurate. By the 
Volterra series expansion, the output y{t) is expressed by the summation of the 
convolution of the transfer functions h人t) and the input x(/) in time domain. 
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•r-co 
+ f r ^ 2 ( ^ 1 , � ) 冰 - ) 论 - ) d T , d T , (4.4) 
j-co 
+ I* I* r 办3 (Tl, [2 , � 3 - ) 涛 - - h +••• 
J J J—00 
or, 
N ^ Q Q Q 
n=l L q\=-Qq2=-Q qn=-Q 
+0)^2 +••• + 份 ( 4 . 5 ) 
= t>AO “ 
r 
where y„(t) is the order response, 
h„(*) is the Volterra impulse response of n^ ^ order and, 
Hr,( *) is the Volterra nonlinear transfer function of n^ ^ order 
To summarize, the output signal can be evaluated once the Volterra transfer 
functions of a nonlinear system is known. 
4.1.2 Evaluation of Volterra transfer function 
There are two approaches to evaluate the Volterra nonlinear transfer function, 
namely the harmonics input and nonlinear current method. 
The principle of nonlinear currents method is that the current components, which 
are calculated from voltage components of lower order, generate the voltage 
components of the same order. Then the voltage determined is used to calculate the 
next higher order currents. 
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. =外”-i’V2,V3,...) " � � 
le. . . X (4.6) 
Here is an example to show the procedures of applying the nonlinear currents method. 
Rs i � 
W W > ~ � v ( t ) 
丄 J 
\ 7 , V 
Figure 4.3 Nonlinear Conductance Circuit 
Suppose the IIV characteristic of a nonlinear conductance G is given by, 
/•二 giV + g y + … （4.7) 
where v = v, + Vj + V3 + • • • (4.8) 
i(t) is the current passing through the nonlinear conductance G, v(t) is the voltage 
across it and Vn(t) is the sum of all ,7丄order mixing products. 
By substituting (4.8) into (4.7)，we have 
= +V2 +V3 +-")+容2(�+^2 +V3 + …)2 +g3(V 丨 +V2+V3 + … + . . . (4.9) 
=g丨(V, + V2 + V3 + …)+ (V丨)2 + V丨 V2 + � 3 + … 
^ V ‘ ^ V > 
hin 12 h 
It is obvious that nonlinear current i consists of many components. The term 7"„ 
is the linear response of the conductance and 12 and h are the second and third order 
currents generated by the lower order voltages. Consequently, the circuit in Figure 4.3 
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can be redrawn as following: 
Rs i(t) 
w w - ^ ？ r — — … … . 
,， T higher order 
Y ® J L cmrerns 
• (p G) 
Figure 4.4 Currents of nonlinear conductance 
The solution of the nonlinear currents can be obtained by: 
1. Set all the nonlinear current sources equal to zero and work out the linear response 
first (i.e. vj(t)). 
2. Establish the second-order current /2 by gii^if • Then use the /2 to form V2 
3. Establish the third-order current “ by 2g2ViV2 and gsfv]/. Then use the is to form 
4. Repeat step 2 and 3 until all desired orders of current are determined. 
I' 
4.1.3 Volterra Series Analysis of Spectral Regrowth 
Classical transistor nonlinearity characterization, based on the third-order 
intercept point, is usually limited to two-tone excitation. However, digitally 
modulated signals, and the resultant spectral regeneration, must be described by a 
power spectral density. 
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If the input signal x(t) is approximated by a discrete spectrum, by (4.2), it can 
therefore be expressed as a sum of sinusoidal: 
Then, by (4.5)，the corresponding o u t p u t i s given by 
N 1 Q Q Q 
n-\ ^ q\=-Qq2=-Q qn=-Q 
. 〜 ！ f � e x p [ X , + � + • " + � > ] 
In a weakly nonlinear system, the output is usually approximated by the series 
expansion up to third-order term. Furthermore, the output y(t) can be split into two 
components which contribute to the fundamental output frequency. 
>^(0 =去 Z " i “ X e x p ( A V ) (4.10) 
^3(0=^ Z Z 2 > 3 ( � , � ， 〜 ！ 〜 义 3 e x p [ / ( � + � + � > 
^ q\=-Q q2=-Q q3=-Q 
(4.11) 
where y](t) and 少 a r e the first order and third order output respectively. 
In frequency domain, the third order output ysft) becomes 
厂3 , (O�, w ) = ¥ 7/3 {co^,，�’ Xqi X^, (4.12) 
where tq is the number of identical terms in the summation (4.11) at frequency 
COq]+(jOtj2^(Oq3 
It should be noted that the third order term will generate an in-band distortion 
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component if one of the mixing frequencies is negative. 
+ - ) = J , (4.13) 
Since the input signal is a sum of sinusoids, the in-band distortion produced by 
the third order components will then result in spectral regrowth. 
4.2 Nonlinear Model of GaAs MESFET Device . 
The nonlinear transconductance is the most significant contributor to spectral 
regeneration [4]. It should be noted that both second- and third-degree nonlinearities 
influence adjacent channel spectral regeneration. The next most predominant term 
was nonlinear gate-to-source depletion capacitance. The remaining two nonlinearities, 
the gate-to-drain depletion capacitance and the output conductance, made relatively 
small contributions to spectral regeneration. 
The MESFET chosen in this project is CLY 2 (SIEMENS). A generic large signal 
model of the MESFET is given in Figure 4.5. 
G D 
s 
Figure 4.5 Large Signal Model of MESFET 
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The GaAs MESFET is biased under Class A condition (Vds = 3 V’ Ids = 200 mA). 
In this biasing condition, spectral regeneration is mainly dominated by the nonlinear 
transconductance (gm) at low input power level and it may be assumed that gm is the 
only nonlinear element throughout the analysis. Therefore, the nonlinear current ids is 
expressed as 
L =幻 V识 + 容 识 2 + + • • • .. (4.14) 
The model is then simplified as: ‘ 
c^gd 
G f 1 9 D 
i 
Ids 二 g l V g s + g 2 ( V g s ) 2 + g 3 ( V g s ) 3 + … s 
Figure 4.6 Model used for circuit analysis 
The coefficients gi, g2 and gs are extracted experimentally and the extraction 
procedure is described in Chapter 7. 
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4.3 Evaluation of Nonlinear Responses 
Since the amplifier is in weakly nonlinear operation, it is adequate to analyze the 
circuit by the Volterra series method described in section 4.1. The model of a typical 
amplifier structure is shown in Figure 4.7. 
V\AA/—— Input Output 
Matching Matching F 
I — • 丨 . 
1 「 
Zs ZL 
Figure 4.7 Typical MESFET Amplifier Circuit Structure 
where Zs is the impedance of the input matching circuit, Zl is the impedance of the 
output matching circuit. The load impedance is optimized for maximum output power. 
In practice, the parasitic effects of the dc biasing network should also be taken 
into account since the biasing circuit may affect the higher order frequencies 
impedance matching. The equivalent circuit model of the GaAs MESFET amplifier 
under consideration is depicted in Figure 4.8. The complex impedance of the input 
matching circuit is defined by, 
Z 州 = & I t (4.15) 
where Zk is the required source impedance for optimized power gain, Xis a. variable 
parameter to be determined. 
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Zs(f) G Cgd D 
W W o——• • •——o 
0 寸 1" I 
4 I 
s 
V V V 
Figure 4.8 Circuit Model of MESFET Amplifier 
It 
In the next section, the nonlinear transfer functions of the first-, second-, and 
third-order are evaluated using the amplifier circuit given in Figure 4.9-4.14. 
4.3.1 First-Order Response 
% 
z 
Z� Zsi G Vi c 如 D \ \ V 
——WWfH 1—0 C^ -I 她 
A Z。g 丄 ） f A 如 I ] M 
Q V3 ' T j S ^ i V i < � - ZL2 Z� 
z 则 I 
s 」 J 
V V V V • 
Figure 4.9 Equivalent Model for First Order Transfer Function 
From the MESFET data sheet, the value of Cgd is about 0.25 pF while the value 
of Cgs is about 2.5 pF. i.e. Cgs is about ten times of Cgd. In order to simplify the 
evaluation ofHifco), the feedback capacitance Cgd is omitted here. 
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Z� Zg, G V, D I V 
——WW~I—~ o-ri h - y — — ； 
n ® hi rt ni 
I 1 o^pt I 1 I 
s i ] 
V V V V V 
Figure 4.10 Simplified Model for First Order Transfer Function 
Consequently, the first-order voltages (v； and Vouti) are equal to 
It 
7 7 
_ ^Sl^cgs 1 
二 " V 树 、 
7 117 
Vou. - � . r出 //Zj- . 
= “ [" r J z � f e 2 + z J + Z i A ) 1 [ Z L A -
Slfds^Ll^o ^ 
(4.17) 
By substituting (4.16) into (4.17), the output given by the first order transfer 
function is expressed as 
y ^ 
= ^Sl^cgs ^ 04 18) 
� 1 ^dsZSI "^cgs^12^0 
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As a result, the first order transfer function can be evaluated by 
7 7 7 7 (4.19) 
_ ~ Sl^cgs^Ll^o 
4.3.2 Second-Order Response 
Zcgd 
G V2 D 
o • • • ^ o 
1 vl C D ® I" f 
M ^S2nd ” 乙L2nd M 
> 
s 
V V V 
Figure 4.11 Equivalent Circuit for Second Order Transfer Function 
According to Volterra series theory, the nth-order voltage is generated by the 
nth_order current. Thus, the second order voltage V2 is produced by the second order 
current 12. In order to determine the second order transfer function, the computation of 
V2 is required and the effect of the feedback capacitor Cgd cannot be ignored. 
Referring to Figure 4.11, the load termination {Zund) is assumed to provide an optimal 
impedance at the second harmonic frequency. Zs2nd is assumed to present a variable 
reactance jXXo the gate input, also at the second harmonic frequency. As a result, the 
second-order voltage may be derived as: 
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^cgd + 乙 S2nd � 乙 cgs 
- ( g V + g v 2 ) ^ds^cgs^S2nd^L2nd 
(广^ ^ L2nd^ cgd^ Slnd ^ cgs) ^ S 2nd ^  cgs . + ^ds^Llnd S 2nd + ^ cgs) 
S2Kgs2 2 
= > V 2 = V, 
(4.20) 
where h = ^ds'^cgs^sind^Lind 
g i^ds + ^L2nd\^cgd{^S2nd + ^Slnd^cgs. + ^ds^L2nd[^S2r,d + ^cgs) 
U 
4.3.3 Third-Order Response “ 
7 ^cgd I 7 
乙SI G V, D V 
——广 r j T i-f——j 邮 
z i n ‘ 丁 ) 4 ) 射 才 捕 ’ 
°f U ^ 下3 彻 i M M 
I s ’ T11 
V V V V V 
Figure 4.12 Equivalent Circuit for Third Order Transfer Function 
The feedback capacitance Cgd is omitted to reduce the complexity of analysis 
(Figure 4.12). '丨 
^ 
T 丨 ^out 
V V V V 
Figure 4.13 Simplified Circuit for Third Order Transfer Function 
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The output given by third order current: 
7 117 
_ Jlcr、"，4.C. (、，�3� Z 义 
= - 他 1 2 + � 3 ( M ) . ( � s + z J Z u + Z J + Z l 2 Z � ‘ Z j z , , + Z � ) + Z : 2 Z � 
= - 队 • )3 
“ (4.21) 
One can realize that the third order output voltage contains the following two parts. 
Vo„,3f2g2�,3ViV2 (4.22) 
(4.23) � 
Voutsa is generated by mixing the first and second order voltages and Voutsb is the 
response due to the third order nonlinearity. Consequently, Voutsa and Voutsb may be 
expanded as: 
^out3a =-2容2 办 V识 3V2 
= - 2 g 2 � " [K x ^ S K识2 (V丨)2 ) 
= 〜 人 八 ) ( 〜 • 树 4 ) 2 ) “ 
/ \3 f 1 e 2 e / \ 1) 
--'^giKJKsiK, - Z Z � + � 
V® q\=-Q q2=-Q q2=-Q J 
1 / V f Q Q Q / � 1 � 
^--iSiKKJKIK^ Z Z 2X1 厂 � q 2 + � > J 
(4.24) 
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^ut^b^-SzKssMY 
= - 认 人 
( 1 . .丫 
\ ^ i=-Q 〉 
, \ f 1 Q Q / �”I� 
= - Z Z -expL/H 
q\=-Q q2=-Q q2=-Q 乂 
= - l g A j K j { t t i X / , 2 V e x p [ X � + � + � > ] 
o \q\=-Q q2=-Q q3=-Q y 
(4.25) 
r 
CHAPTER 5 EFFECT OF HARMONIC TUNING ON 
SPECTRAL REGROWTH 
The intent of this work is to examine the effect of harmonic source termination 
on the linearity performance of GaAs MESFET power amplifiers targeting these 
ff 
digital cellular applications. Of particular interest is the effect of the impedance levels 
presented at the device's gate terminal at the fundamental and second harmonic 
frequencies on amplifier linearity. Since impedance levels can be set independently to � 
a large extent during the amplifier design process, overall performance can possibly 
be further enhanced. These effects are examined using a large signal GaAs MESFET 
model in conjunction with Volterra nonlinear transfer functions and digitally 
modulated waveform. 
»» 
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5.1 Simulation of Digitally Modulated Signal 
A 71/4-QPSK modulated signal with transmission rate of 600 bit/s centered at 1 
GHz carrier frequency is employed as the input waveform. A typical frequency 
spectrum of such a signal is shown in Figure 5.1. 
With reference to section (4.1.3)，the spectral regeneration of nonlinear amplifier 
can be obtained from the Volterra nonlinear transfer functions, and a typical output 
spectrum is shown in Figure 5.2 for illustration. Note that only the spectral 
distribution of the adjacent channel next to the main lobe is captured, due to the fact 
that the nonlinearity is dominated by the third-order terms. These adjacent channels � 
are also called third-order side-lobes since they are associated with the third-order 
mixing products only. 
Input Signal (pi/4-QPSK mod.) 
0| 1 1 1 ! 
- 3 0 - 「 ： I •’ •： -
Q. 
-50 - : -
‘ -60- : : -
-70- ： ： -
-801 1 I 1 1 
0.9995 0.9997 0.9999 1.0001 1,0003 1.0005 
Freq /GHz 
Figure 5.1 Spectrum of Input Signal 
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Figure 5.2 Spectral Regrowth of Output Signal 
5.2 Effect of Source Second Harmonic Termination 
Recalling equation (4.24), we have 
1 / \3 f Q Q Q , � 1 � 
o^ui^ a '= ' - -g2 \KsJKs2Ks l Z Z 厂厂,3 . C X p L / t � + 份W + � 0 ^ j 
where = i -广A g A 2 " A 2 ” d (5.1) 
Note that the above expression is a function of both Zs2nd and Zund. Here, the 
effect of the source impedance at second harmonic {Zs2r,d) on spectral regeneration is 
to be investigated. 
The source impedance (Zs2nd) is assumed to be pure reactive, which can presents 
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an open, a short, an inductive or capacitive value to the gate input. The device is 
terminated, at the fundamental frequency, with a matched complex impedance 
optimized for maximum output power. 
The variation of the fundamental output power with the input power and 
frequency as constant parameters have been computed as a function of the source 
termination at the second harmonic, and are illustrated in Figure 5.4. It can be 
r 
observed that the output power is a maximum when the source impedance is located 
along the outer circle of a Smith chart (Figure 5.3) with an angle (0) lies between 150 
and 200 degree (close to a short). � 
縫 
Figure 5.3 Variation of Source Second Harmonic Termination 
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Fundamental Output vs Input Power 
(as Source Second Harmonic Termination varies) 
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Figure 5.4 Simulated Fundamental Output Power � 
versus Source Termination (Zsma) 
ACPR vs Source Second Harmonic Termination 
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Figure 5.5 ACPR versus Source Termination (Zsznd) 
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Figure 5.5 shows the corresponding variation in ACPR as a function of the source 
termination at the second harmonic frequency. Some important observations are 
summarized as follows: 
1. The adjacent channel power ratio (ACPR) shows a global maximum when 9 is 
close to 180° 
2. The ACPR shows a global minimum when 9 equals to approximately -140°. 
3. Maximum and minimum values of ACPR are found to be -39 dBc and 
-32 dBc respectively. 
4. ACPR is improved by almost 7 dB by optimizing the source termination at the � 
second harmonic frequency. 
n 
CHAPTER 6 EXPERIMENTAL VERIFICATION 
In the previous chapters, we have demonstrated by simulation that the source 
termination at the second harmonic frequency has a strong effect on out-of-band 
power emission (ACPR) in MESFET power amplifiers. To verify the prediction, a 
circuit has been constructed and measurements have been made on an experimental 
MESFET amplifier with a center frequency of approximately 1 GHz and an output 
power of about 23 dBm at 1-dB compression point. � 
I' 
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6.1 Circuit Design and Implementation 
The amplifier circuit is constructed using FR4 PCB board. The MESFET is 
biased under Class A operation (Vds=3V and Ids=200 mA). The output matching 
network is designed to present an optimum impedance to the GaAs MESFET for 
maximum power output. The input network is capable of presenting an arbitrary 
reactance at the second harmonic frequency, while being simultgineously decoupled 
from the impedance at the fundamental (Figure 6.1). The input matching network is 
also designed for optimized power gain and high input return loss. 
L2 
A 爾 0 ) B I 、 
- H 卜 ^ T — ^ 
© L u m p e d Element LI L5 ~ 
Matching Circuit XIA (g m (y 丨 
L4 I 7 
h U ^ ~ I ~ ~ • U I L� 
去 ^ I ^ C I 
L3 
m (g 
Figure 6.1 Input Matching Network 
The matching network is realized by using two lumped elements and 5 
transmission lines. The function of each element is described as follows: 
1. The quarter wavelength shorted stub (LI) is used for gate biasing. This 
transmission line presents to the rest of the circuit, a short at the second harmonic 
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and an open at the fundamental frequency. 
2. Basically, the function of L2 is to convert the short-circuit impedance at point A 
to an open-circuit at point B, at the second harmonic frequency. 
3. The impedance presented by the combination of L3 and L4, at point C, is a 
short-circuit at the fundamental and a variable reactance at the second harmonic 
frequency depending on the length of stub L4. .. 
4. The function of L5 is to provide an open-circuit to point B at the fundamental 
frequency. 
Consequently, the input impedance at the second harmonic is calculated by: � 
= - j Z j C O t ( y ^ / ) ( 6 . 1 ) 
• 7 / 
=-jZj cot -—-
\ S J 
where Zt is the characteristic impedance L4, 
/ is the length of L4 
Xg is the guided wavelength. 
The transformation of impedance at the fundamental and the second harmonic 
frequency by using the proposed input matching network are illustrated pictorially in 
Figure 6.2 and 6.3. Figure 6.4 and 6.5 show the layout design and the test circuit 
respectively. 
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Figure 6.2 (a) Input Impedance at Fundamental 
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Figure 6.2 (b) Equivalent Impedance at Fundamental 
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Figure 6.3 (b) Equivalent Input Matching Network at Second Harmonic 
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Figure 6.4 Layout of Amplifier Circuit 
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Figure 6.5 Test Circuit 
Experimental Verification 42 
6.2 Setup and Measurements 
Single-tone, two-tone and ACPR characterization are required for the study of 
behavior of the constructed amplifier. Figure 6.6 and 6.7 shows the block diagram and 
the experimental setup for the characterization of spectral regrowth. 
For ACPR measurement, a PHS (兀/4-QPSK modulation) signal with center 
frequency of 1 GHz generated by HP Multi-Format Communication Signal Simulator 
is employed. This signal is first injected into a preamplifier. It should be noted that an 
isolator is placed at the output of the preamplifier for eliminating the desired 
harmonics generated. Moreover, the isolator also provides a good 50 Q load to the � 
input of the amplifier within the band of interest. The fundamental output power and 
the output spectrum are measured by a HP 8954E spectrum analyzer. 
S ] 一 ^ 冲 一 四 
^^ - A A A / V -
Digital Signal Preamplifier isolator D.U.T. Spectrum 
Generator Analyzer 
Figure 6.6 Diagram of Experimental Setup 
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Figure 6.7 Experimental Setup 
6.3 Experimental Results 
6.3.1 Small Signal Measurement 
Figure 6.8 shows the measured small signal s-parameters of the experimental 
amplifier. One can find that the test circuit shows an optimum performance at 1 GHz. 
The circuit was found to exhibit a power gain of about 14 dB, and an input return loss 
of better than -10 dB. The output return loss is only -7 dB due to the fact that the 
amplifier is optimized for maximum output power. 
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Figure 6.8 S-Parameters of Experimental Amplifier 
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6.3.2 Single Tone Characterization 
The measured results of input / output and gain compression characteristics are 
given in Figure 6.9 and 6.10，respectively. The source termination at the second 
harmonic frequency is varied by tuning the length of L4 from a ftill wavelength (2fo) 
to zero. The input power available from the preamplifier is adjusted, in steps, 
from -20 to 16 dBm. Finally, the output power of the fundamental signal versus 
different source impedance value (2fo) are measured and plotted in Figure 6.11. The 
X-axis represents the input power level while the z-axis represents the output power. 
The y-axis represents the variable source termination in terms of 9 (electrical length 
of L4). Note that the amplifier has an output power of approximately 23 dBm at 1-dB 
gain compression point. 
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Measured AM-AM characteristic 
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Figure 6.11 Fundamental Power Output 
6.3.3 Two-Tone Characterization 
Two sinusoidal signals, with frequency of 998 MHz and 1002 MHz, are used in 
this experiment. It should be noted that no intermodulation distortion components can 
be observed when the input power is lower than -10 dBm due to the noise floor of the 
spectrum analyzer. Figure 6.12 shows the measured third-order intermodulation 
performance of the DUT. It can be observed that the intermodulation product deviates 
significantly from the linear slope when the input power is larger than 5 dBm (about 5 
dB back-off from the 1-dB compression point). 
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Figure 6.12 Third Order Intermodulation Product 
6.3.4 ACPR Characterization 
The measured frequency spectrum of the PHS input signal is shown in Figure 
6.13. The distorted output with source second harmonic terminations leading to the 
lowest and highest ACPR (the angle 9 of the two reflection coefficients equal to -200 
»» 
degree and -250 degree respectively) at different input power levels are shown in 
Figure 6.14 and Figure 6.15 respectively. Figure 6.14 (a) and 6.15 (a) shows the 
output spectrum at different source second harmonic terminations when the input 
power is far below the 1-dB compression point. One can observe that spectral 
regeneration is negligible at low input power excitation. However, when the input 
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power is increased, the side-lobes become observable in Figure 6.14 (b), (c) and (d) 
and Figure 6.15 (b), (c)，(d). It is also found that when the amplifier is operating 
beyond the 1-dB compression point (Pin=10 dBm), the difference between the ACPR 
resulted by the two source second harmonic terminations is more than 10 dB. Note 
that the ACPR level increases by almost 20 dB when the input power is raised from 5 
dBm to 10 dBm (Figure 6.16) ,‘ 
r 
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Figure 6.13 Spectrum ofQPSK Input Signal 
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Figure 6.15 (a) Output Spectrum with 6 = -240 degree at Pin = -10 dBm 
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Figure 6.16 ACPR versus Input Power 
6.4 Comparison of Measured and Simulated ACPR 
The simulation performed in chapter 5 is based on a simple nonlinear model 
which is valid only for low input power. In order to make a comparison between the 
measured and the predicted results, the input power level is chosen to be below the 
1-dB compression point. Figure 6.17 shows the simulated and measured ACPRs as the 
source termination at the second harmonic frequency is varied. 
The results indicate that: 
1. There is an optimal source termination Zs2nd which maximize the value of ACPR. 
This is in agreement with other reports [19] [25]. 
2. ACPR decreases only gradually when the angle of rs2nd (6) is shifted to the right 
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hand side of the optimal point. 
3. On the other hand, ACPR shows an abrupt change in magnitude when 9 is 
moved to the left hand side of the optimal point. 
However, the diagram shows that there is a discrepancy between the measured 
and simulated data, regarding the location of the optimal point. It is believed to be due 
to the parasitic effect of the MESFET device. 
r 
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CHAPTER 7 NONLINEAR TRANSCONDUCTANCE 
COEFFICIENTS EXTRACTION 
This chapter describes the extraction of transconductance coefficients which are 
important in simulating the spectral regeneration in amplifiers. Harmonic power 
II 
measurement using a VHF source is adopted as the coefficients extraction method 
[36]. Closed-form expressions relating harmonic power to the circuit parameter of 
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7.1 Large Signal Model 
Figure 7.1 shows a small-signal nonlinear model of a MESFET. The dominant 
nonlinear element is assumed to be the device's transconductance [36]. Using Taylor 
series expansion, the //K characteristic in the vicinity of the dc bias condition can then 
be expressed as: 
i . J - l M � + 丄 玲 1 八•.（7 1) 
dV^ ' 2 dV' ‘ 6 d V ' " 容 乂 ) 
r 
where JdfVg) is the large signal drain current characteristic and i j and Vg are the 
incremental small signal drain current and gate voltage respectively. 
The above expression can further be written as: 
h (7.2) 
where the coefficients gj, g2,办…are the nonlinear transconductance to be 
determined. 
The traditional method determines the series coefficients (gj, g2, gs) by 
measuring the I/V characteristic at a fixed drain bias voltage and to perform a least 
square fit id to a polynomial of the desired degree. Although this process is usually 
adequate for determining g!, it is often unsatisfactory for finding the higher order 
coefficients. The values of g2 and gs determined in this manner are very sensitive 
measurement inaccuracy, round-off errors and the selection of data points [38]. 
A more serious problem is the low frequency dispersion of the FET parameters 
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[38] in which both gm and gds are function of frequency below 10 MHz. 
An efficient way to get rid of the above mentioned problems is to derive the 
series coefficients from RF measurement [38]. The measurement is performed in he 
VHP range, at which both low frequency dispersion and the reactive parasitics are 
negligible. Under these assumptions the power levels of the harmonic components at 
the drain are fiinction of the input power, the series coefficients, and the resistive 
It 
parasitics. The resistive parasitics are determined by low frequency extraction. It is 
therefore a simple matter to measure the harmonic levels and to derive the coefficients 
from them. 
% 
Moreover, under the low frequency excitation, the gate-to-source capacitance Cgs 
and gate-to-drain capacitance Cgd shown in figure 7.1 is assumed to be opened circuit. 
A small conductance gi is placed at drain in parallel to minimize the drain current 
drawing by the drain-to-source conductance gds. 
Zs G D , V 
W W - 1 jut 
• 令 Vg I 下 RFL" f Z � 
p I 
Figure 7.1 Equivalent Circuit for Transconductance Extraction 
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7.2 Extraction of Nonlinear Transconductance 
7.2.1 Extraction of 幻 
The linear transconductance gi is found by measuring the fundamental output of 
the circuit in figure 7.1. 
By using linear circuit analysis, the transfer function of the above circuit is 
expressed as: 
ti 




The transconductance gj is then obtained by 
g _ —— K)ut i^s^ds SdsSd SdSs ) ( 7 4 ) 
gj^g Sd^out 
where Vout is the drain voltage which is directly calculated from the measured output 





Furthermore, the transfer function of Vgs to Vg is expressed as: 
‘ (7.6) 
_ SdsSs SsSd SdSds 
gcgs+sAgds+g^+gs) 
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7.2.2 Extraction of and gs 
The equivalent circuit for extraction of g2 is shown in Figure 7.2. 
Zs G D I Vout (CO,CO) 
W W 1 1 
《 染 H <> 
I 
Figure 7.2 Equivalent circuit for gi extraction � 
Figure 7.2 shows the equivalent circuit model of the FET at second harmonic 
frequency. By applying Volterra series analysis, the coefficient g2 can be calculated 
by, 
(7.7) 
where h, = ^ (7.8) 
gsSds+gdsgd+gdgs+Sdgl 
Again, the value ofv； and Vou/co^  co) are derived from power measurements. 
The coefficient gs is obtained similarly by the following expression: 
洲 ] (7.9) 
where Vout(co, (o’ (o) is the measured power at third harmonic frequency. 
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It should be pointed out that since harmonic power levels are measured using a 
spectrum analyzer, phase information such as the sign of g2 and g3 is lost. However, 
this information can be recovered by repeating the measurement at different dc gate 
biasing voltage (Vgs) values. Accordingly, g2 is positive ifg； increases with increasing 
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Nonlinear Transconductance as Vds varies 
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CHAPTER 8 CONCLUSION 
In the design of power amplifiers for use in mobile and future communication 
systems, high linearity is required to reduce adjacent channel interference. The 
conventional linear power amplifier design has focused on improving linearity around 
It 
carrier frequencies by using pre-distortion or feed-forward linearizers. Recently some 
works have stated the importance to design matching circuits including termination at 
harmonic frequencies, where the power level of intermodulated signals become high. 
In the case when power amplifiers have a high gain at these frequencies, the 
intermodulated signals of the input matching circuit are amplified and provide a 
serious effect on IM and power characteristics. 
The major contribution of this work can be summarized as follows: 
1. We have proposed a simple analytical technique for simulating spectral regrowth in 
RF amplifier based upon the Volterra series theory, a simplified nonlinear model of 
MESFET device, and a digitally modulated input signal waveform. 
2. We have presented the investigation of the effect of source harmonic termination on 
ACPR and power performance of RF amplifiers. 
3. We have verified experimentally the proposed theory by measurements based upon 
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one-tone, two-tone and ACPR characterization of a constructed GaAs MESFET 
amplifier. Good agreement between measurements and simulation is observed. 
4. We have validated by simulation and measurement the existence of an optimal 
source termination at the second harmonic frequency for best linearity performance 
of amplifiers. The results support that significant linearity improvements are 
possible with proper harmonic terminations. 
It 
r 
RECOMMENDATION FOR FUTURE WORK 
參 After quasi-linear amplification, intermodulation products of various orders, 
composed of nonlinearities of various degrees, will be present in the output 
spectrum. Odd-order intermodulation products are a function of the source / load 
It 
impedance at the envelope frequency due to the low-frequency even-degree 
nonlinearity. Consequently, the envelope impedance of the bias-network directly 
impacts the linearity / efficiency trade-off of the transistor. Although the 
、 
importance of the envelope termination is well known, very little has been done 
to investigate the impact of bias-network on the optimization of amplifier's 
linearity 
• A fixed load termination has been assumed throughout the analysis. A study of 
the effect of harmonic load termination on spectral regeneration may help to 
further improve ACPR. 
REFERENCES 
[1] A. R. Kaye et. al, "Analysis and Compensation of Bandpass Nonlinearities", 
IEEE Transactions on Communication, pp. 965-972, October, 1972. 
[2] H. Ikeda, T. Ishizaki, Y. Yoshikawa, T. Uwano, K. Kanazawa, "Phase Distortion 
Mechanism of a GaAs FET Power Amplifier for Digital Cellular Application", 
IEEEMTT-S Digest, pp. 541-544, 1992. 
It 
[3] F. M. Ghannouchi，F. Beauregard, G Zhao, "Phase Distortion Measurements for 
ff 
Saturated MESFETs Loaded with Arbitrary Impedance Terminations", IEEE 
Instrumentation and Measurement Technology Conference Proceedings. 
、 
Advanced Technologies in I&M, vol. 1, pp.291 -294, 1994 
[4] J. Staudinger, "A Consideration of Phase Distortion in Linear Power 
Amplification of QPSK and Two Tone Sinusoidal Stimuli", 1997 IEEE Wireless 
Communications Conference, pp. 105-109, 1997 
[5] J. F. Sevic, B. Steer, "Analysis of GaAs MESFET Spectrum Regeneration driven 
by a 7C/4-DQPSK modulated source", IEEEMTT-SDigest, pp. 1375-1378, 1995 
[6] J. F. Sevic, J. Staudinger, "Simulation of Power Amplifier Adjacent-Channel 
Power Ratio for Digital Wireless Communication Systems", 1997 IEEE 
Vehicular Technology Conference, pp. 681-685, vol. 2, 1997 
[7] J. Staudinger, "The Importance Of Sub-Harmonic Frequency Terminations In 
References 80 
Modeling Spectral Regrowth From CW Am-Am & Am-Pm Derived 
Non-Linearities, 1997 Wireless Communications Conference, pp. 121-125, 1997 
[8] J. Staudinger, G Norris, "The Effect of Harmonic Load Terminations on RF 
Power Amplifier Linearity For Sinusoidal and 兀/4 DQPSK Stimuli", IEEE 
MTT-S on Technologies for Wireless Applications Digest, pp. 23-28, 1997 
[9] Q. Wu, H. Xiao, F. Li, "Linear RF Power Amplifier Design for CDMA Signals: 
II 
A Spectrum Analysis Approach", Microwave Journal, pp.22-40； October 1998 
[10] J. S. Kenney, A. Leke, "Power Amplifier Spectral Regrowth for Digital Cellular 
and PCS Applications", Microwave Journal, pp.74-92, October 1995 
[11] A. Leke, J.S. Kenney, "Behavioral Modeling of Narrowband Microwave Power 
Amplifiers with Applications in Simulating Spectral Regrowth", IEEE MTT-S 
Digest, pp. 1385-1388, 1996 
[12] J. J. Bussgang, L. Ehrman, J. W. Graham, "Analysis of Nonlinear Systems with 
Multiple Inputs，，，Proceedings of the IEEE, vol. 62, no. 8, pp. 1088-1119, August 
1974 
[13] S. A. Maas, Nonlinear Microwave Circuits, Norwood, MA: Artech House, 1988 
[14] S. A. Maas, "Volterra Analysis of Spectral Regrowth", IEEE Microwave And 
Guided Wave Letters, vol. 7, No. 7, pp. 192-193, July 1997 
[15] S. A. Maas, "A General-Purpose Computer Program for the Volteira-Series 
References 81 
Analysis of Nonlinear Microwave Circuits", IEEE MTT-S Digest, pp. 311-314, 
1998 
[16] V. Borich, J. H. Jong, J. East, W. E. Stark, "Nonlinear Effects Of Power 
Amplification on Multicarrier Spread Spectrum Systems", IEEE MTT-S Digest, 
pp. 323-326, 1998 
[17] F. Amoroso, R. A. Monzingo, "Analysis of Data Spectral Regrowth from 
It 
Nonlinear Amplification", Personal Wireless Communication, 1997 IEEE 
International Conference, pp. 142-146, 1997 
[18] K. I. Jeon, Y. S. Kwon, S. C. Hong, "Input Harmonics control using non-linear 
% 
capacitor in GaAs FET Power Amplifier", IEEE MTT-S Digest, pp. 817-820, 
1997 
[19] C. S. Yu, W. S. Chan, W. L. Chan, "1.9 GHz low loss varactor diode 
pre-distorter", Electronics Letters, vol. 35, no. 20, pp. 1681-1682, September, 
1999 
[20] K. Yamauchi, K. Mori, M. Nakayama, Y. Itoh, Y. Mitsui, O. Ishida, "A Novel 
Series Diode Linearizer for Mobile Radio Power Amplifiers", IEEE MTT-S 
Digest, pp. 831-834, June 1996. 
[21] N. Pothecary, Feedforward Linear Power Amplifiers, Boston, Artech House, 
1999 
References 82 
[22] Y. Yang, B. Kim, "A New Linear Amplifier Using Low-Frequency Second-Order 
Intermodulation Component Feedforwarding", IEEE Microwave and Guided 
Wave Letters, vol. 9, no. 10, pp. 419-421, October 1999 
[23] M. R. Moazzam, C. S. Aitchison, "A Low Third Order Intermodulation Amplifier 
with Harmonic Feedback Circuitry", IEEEMTT-SDigest, pp. 827-829, 1996 
[24] T. Nesimoglu, D. Budimir, M. R. Moazzam, C. S. Aitchison, "Second Harmonic 
ii 
Injecting Technique for Low Intermodulation RF-Microwave Amplifiers", 1997 
High Frequency Postgraduate Student Colloquium, pp. 143-148，September 
1997 
[25] M. Meada, H. Masato, H. Takehara, M. Nakamura, S. Morimoto, H. Fujimoto, Y. 
Ota, O. Ishikawa, “ Source Second-Harmonic Control for High Efficiency Power 
Amplifiers", IEEE Transactions on Microwave Theory and Techniques, vol. 43, 
no. 12, pp. 2952-2957, December, 1995 
[26] P. Berini, M. Desgagne, F. M. Ghannouchi, R. G Bosisio, "An Experimental 
Study of the Effects of Harmonic Loading on Microwave MESFET Oscillators 
and Amplifiers", IEEE Transactions on Microwave Theory and Techniques, vol. 
42, no. 6，pp. 943-950, 1994 
[27] T. Nesimoglu, R. J. Wilkinson, C. N. Canagarajah, J. P. McGeehan, "Second 
Harmonic Zone Injection for Amplifier Linearisation", 1999 IEEE Vehicular 
References 83 
Technology Conference, vol. 3, pp. 2353-2357, 1999 
[28] D. Jing, W. S. Chan, S. M. Li, C. W. Li, "New Linearization Method Using 
Interstage Second Harmonic Enhancement", IEEE Microwave and Guided Wave 
Letters, vol. 8，no. 11, pp. 402-404, November 1998 
[29] D. Jing, S. M. Li, C. S. Yu, W. S. Chan, "A New Linearziation Method for 
Reducing Adjacent Channel Power in PHS Amplifiers", 1998 Asia-Pacific 
Microwave Conference, pp. 1427-1430, 1998 
[30] R. N. Braithwaite, "Nonlinear Amplification of CDMA Waveforms: An Analysis 
of Power Amplifier Gain Errors and Spectral Regrowth", 1998 IEEE Vehicular 
Technology Conference, vol. 3, pp. 2160-2166, 1998 
[31] Y. Kinoshita, K. Sekine, Y. Dooi, A. Iso, "Linearization of Harmonic Controlled 
High Efficiency Power Amplifier", 1991 IEEE Vehicular Technology Conference, 
pp. 445-450, 1991 
[32] T. Iwai, S. Ohara, H. Yamada, Y. Yamaguchi, K. Imanishi, K. Joshin, "High 
Efficiency and High Linearity InGaP/GaAs HBT Power Amplifiers: Matching 
Techniques of Source and Load Impedance to Improve Phase Distortion and 
•Linearity", IEEE Transactions on Electron Devices, vol. 45, no. 6, June 1998 
[33] R. Nagy, J. Bartolic, B. Modlic, "GaAs MESFET Small Signal Amplifier 
Intermodulation Distortion Improvement by the Second Harmonic Termination", 
References 84 
Mediterranean Electwtechnical Conference, vol. 1, pp. 358-361, 1998 
[34] W. Struble, F. McGrath, K. Harrington, P. Nagle, "Understanding Linearity in 
Wireless Communication Amplifiers", IEEE Journal of Solid-state Circuits, vol. 
32，no. 9，pp. 1310-1317, September, 1997 
[35] A. N. D'Andrea, V. Lottici, R. Reggiannini, "RF Power Amplifier Linearization 
Through Amplitude and Phase Predistortion", IEEE Transactions on 
It 
Communications, vol. 44，no,. 11，pp. 1477-1484, November 1996 
[36] Y. Tajima, B. Wrona, K. Mishima, "GaAs FET Large-Signal Model and its 
Application to Circuit Designs", IEEE Transactions on Electron Devices, vol. 
ED-28，no. 2, pp. 171-175, February 1981 
[37] X. B. Gao, H. Y Du, X. H. Sun, "Large-signal MESFET Model and Circuit 
Simulation Validation for Microwave high-Power Amplification", 1997 Asia 
Pacific Microwave Conference, pp. 725-728, 1997 
[38] S. A. Maas, A. Crosmun, "Modeling the Gate I/V Characteristic of a GaAs 
MESFET for Volterra-Series Analysis", IEEE Transactions on Microwave 
Theory and Techniques, vol. 37，No. 7，July 1989 
[39] S. A. Maas, D. Neilson, "Modeling MESFET's for Intermodulation Analysis of 
Mixers and Amplifiers", IEEE Transactions on Microwave Theory and 
Techniques, vol. 38, No. 12, December 1990 
References 85 
[40] S. C. Cripps, RF Power Amplifiers for Wireless Communications, Boston, Mass.: 







C U H K L i b r a r i e s , 
圓圓圓III 
0 D 3 f l 0 3 f l 3 T 
